Passive solar design can reduce building energy demand for heating, cooling and ventilation, while also contributing to the comfort, well-being and productivity of the building's occupants. The successful application of passive solar features, such as solar walls, requires a good understanding of the factors influencing their energy performance and a correct assessment of this performance during the design process. This paper discusses some basic design strategies for successful application of solar walls and the factors with the most significant impact on their efficiency. It summarizes the principle results and findings of an experimental study, based on dynamic simulations and test site measurements. The energy performance of various configurations of unvented solar walls was investigated in different climatic conditions. The outcomes of the dynamic simulations were used to develop a simplified quasisteady-state model, which can be used for approximate evaluation of the heat gains and heat losses through an unvented solar wall on a monthly basis. The model is compatible with the monthly method of EN ISO 13790.
INTRODUCTION
Passive solar design is a coalescence of design decisions concerning basic elements of building architecture, such as shape, orientation and spatial distribution, as well as individual passive systems or elements, which perform specific functions. The building envelope is a crucial element of passive solar design, as it determines the heat transfer processes occurring between the indoor and outdoor environments, including the ingress and distribution of solar radiation in the building. Solar walls can be employed as an element of passive solar design to enhance the capabilities of the building envelope to collect and store solar heat. The accumulated heat can be utilized to reduce the heating demand and/or provide means for natural ventilation.
Solar walls are also commonly referred to as 'Trombe walls' or 'Trombe-Michel walls', after the French engineer Felix Trombe and architect Jacques Michel, who developed a naturally ventilated type of solar wall [1] . A somewhat similar invention has been patented earlier by Morse [2] . Other sources use the terms 'collector-storage wall' or 'thermal storage wall' [3] [4] [5] . A solar wall consists of four basic elements: (1) thermal storage mass, i.e. wall; (2) absorber coating on the external surface of the wall; (3) glazing unit installed in front of the external surface of the wall; and (4) air gap between the wall and the glazing unit. The thermal storage mass is usually a solid masonry wall, built from a material which is relatively dense and has a high heat capacity. Examples include concrete, solid (non-porous) bricks, adobe and stone. Liquid-filled containers or encapsulated phase-change substances can be used to achieve greater thermal efficiencies [6, 7] . The absorber coating is a thin layer of material with very high solar absorptivity, e.g. black paint. A high-performance option is to use selective coating which has a very low infrared emissivity, e.g. black chrome [8] [9] [10] [11] . Typically, the glazing unit would consist of one or two panes of clear glass, but other transparent materials are also possible. For example, Dowson et al. [12] investigate lightweight polycarbonate panels filled with nanoporous aerogel insulation as an alternative.
A conceptual illustration of some basic solar wall configurations is shown in Fig. 1 . In an unvented solar wall heat absorbed at the external surface diffuses through the thermal storage mass and is transferred to the indoor environment with a time lag, which depends on the thermal diffusivity and thickness of the wall. When the solar wall is provided with vents, air can be allowed to flow through the space between the wall and the glazing. The absorption of thermal radiation produces a buoyancy-driven flow (solar chimney effect), whereby cold air entering through the bottom vents rises and gains heat from the absorber, and is subsequently discharged through the top vents. The air velocity and flow rate depend on the temperature differences and the pressure drops occurring through the vents and the air gap. Ventilation can be entirely natural or fan-assisted (if higher and/or constant flow rates are required). Saadatian et al. [6] gave a review of various traditional and innovative design concepts and applications of solar walls. Good examples of passive solar design incorporating solar walls can be found in the Zion National Park visitor centre and the NREL visitor centre in the United States [8, 9, 13] . This paper summarizes the principle results and findings of an experimental study on the energy performance of unvented solar walls of the classical type shown in Fig. 1 . Therefore, further in this paper, the term 'solar wall' should understood in that context. The experimental study involves numerical analysis, based on dynamic simulations, and physical measurements obtained from a test site.
MATERIALS AND METHODS

Dynamic numerical model
The dynamic model was created in TRNSYS and consists of components from the TRNSYS standard library [14] and the TESS libraries [15] , as well as an additional component, programmed for purposes of the experiment [16] . The basic component of the model is Type 36, which contains the method and algorithms for calculation of the heat flows and temperatures in the solar wall. • Thickness (10-50 cm) and material ( [18] and zones Csa, Csb, Cfa, Cfb, Dfa, Dfb and BSk, according to the Köppen-Geiger classification [19] . For comparison, four of the locations in Bulgaria (Pleven, Varna, Plovdiv and Sandanski) are situated in ASHRAE climate zone 4 and Köppen-Geiger zone Cfa, while the fifth (Sofia) is situated in ASHRAE zone 5 and Köppen-Geiger zone Cfb. The additional simulations (test set) were used to test and prove the robustness of the developed model and its validity for a wider range of climatic conditions. The test set consists of 4 320 data points.
Simulations and data processing
Each solar wall configuration was simulated twice. In the first instance, it was simulated with no incident solar radiation. In that case heat transfer through the solar wall is driven only by the temperature difference between the indoor and outdoor environments, Q ht,sw (for simplicity, the term further used for Q ht,sw is 'heat losses', although heat flow driven by the indoor-outdoor temperature difference can occur in both directions). The second simulation was used to obtain the actual net heat transfer when solar radiation is taken into account. The solar heat gains through the wall, Q gn,sw , were calculated as the difference between the net heat transfer obtained from the second simulation and the heat losses obtained from the first simulation. Equivalently, the net heat transfer between the solar wall and the indoor environment, Q sw , [kWh] , is equal to the difference between the heat gains and the heat losses:
Both Q sw and Q ht,sw can be positive or negative, while Q gn,sw can only be positive.
Test site configuration
The test site, shown in Fig. 2 , comprises an unvented solar wall integrated in the south façade of a modular house, which is located at the Technical University of Sofia. The solar wall is built of a 12-cm-thick masonry wall with black paint as absorber coating and a clear double glazing, installed at 10 cm from the wall. The wall is divided in two parts -the lower half is made of concrete masonry, while the upper half is made of clay bricks. The test module is equipped with 28 type T thermocouples for measuring the temperature field in the wall and four sensors for measuring the temperatures and air velocities in the air space ( 3 RESULTS AND DISCUSSION The outcomes of the simulations were used to develop a simplified quasi-steady-state model, which can be used for approximate evaluation of the heat gains and heat losses through a classical unvented solar wall. The model is compatible with the monthly method of EN ISO 13790 [20] . It is presented here along with a discussion of the basic factors determining the energy performance of the solar wall and its sensitivity to their values.
Heat losses (as defined in section 2.1.2) can be calculated as: (2) is used to calculate the theoretical heat losses which will occur in the case of a complete lack of solar radiation (in order to separate the heat losses from the solar heat gains): [21] . In the presence of additional material layers on the inside of the thermal storage mass, e.g. plastering, the thermal resistance of those layers should also be included. The effective collecting area is expressed as a geometric factor, but its value depends on both geometric and non-geometric parameters. It represents the fraction of incident solar radiation that reaches the indoor environment as heat gains, after all reductions due to shading, reflection and heat losses to the outdoor environment: The external heat loss coefficient accounts for all mechanisms of heat transfer occurring in the direction from the external surface of the wall, i.e. the absorber, to the outdoor environment. Appropriate values for the external heat loss coefficient have been extracted from the simulation outcomes using CART analysis. The most significant parameters, determining the value of this coefficient, are the infrared emissivity of the absorber coating and the type of glazing. The obtained values are given in Table 3 .
The effective solar transmittance of the wall is a dimensionless factor, representing the fraction of absorbed solar radiation which reaches the indoor environment. It therefore accounts for the absorbed solar heat which is lost to the outdoor environment. For consistency, eqn (7) was designed to use the same values for the external heat loss coefficent as eqn (3), i.e. the values given in Table 3 . It should be noted, however, that the actual mean value of the external heat loss coefficient will be higher in the presence of solar irradiation, due to the increased temperature of the absorber. A statistical summary of the nonlinear regression model of eqn (6) is shown in Table 4 . The functional relationships of eqns (6) and (7) are illustrated graphically in Figures 4 and 5 .
During the heating season, some heat gains enter the building when no heating is needed. They may lead to an undesired increase of the internal temperature above the set-point, i.e. overheating. Such extra heat gains do not contribute to the reduction of building heating demand. The amount of heat gains, which are utilized for reducing the heating demand, depends on the total heat capacity of the respective thermal zone in the building. The higher the heat capacity -the greater the capability of the building to utilize the incoming heat gains (thermal storage enables a more even distribution of the heating loads in time). An analogous situation occurs in the summer when not all heat losses contribute to reduction of cooling demand. Therefore, according to the monthly method of EN ISO 13790 [20] , for each building thermal zone and each calculation step (month), the energy demands for space heating, Q H,nd , and cooling, Q C,nd , are calculated as:
where: Q ht -total heat transfer, [kWh]; Q gn -total heat gains, [kWh] ; h H,gn -dimensionless utilization factor for heat gains; h C,ls -dimensionless utilization factor for heat losses. If the presented model is used in the context of whole-building energy analysis with the monthly method EN ISO 13790, heat losses and heat gains through the solar should be calculated separately and then each should be included in the building thermal zone's sum total of heat losses and heat gains. The heat capacity of the wall should be accounted for when calculating the internal heat capacity of the building thermal zone. The latter is used for computation of the dimensionless heat gains and heat losses utilization factors, as described in the standard [20] . Figure 6 shows comparison between the steady-state model and the test set. The plot on the left side shows the values obtained for the net heat transfer (eqn (1)) per unit area of the solar wall, with each data point representing one of all simulated solar wall configurations. In general, the observations are within an acceptable range from the diagonal line (which represents ideal coincidence). The histogram on the right side shows the distribution of the relative error. The histogram shows that for more than 90% of all data points the relative error is <15%. The median value of the relative error over the whole test set is 3.4%. However, this does not include errors which would arise when calculating the total solar energy transmittance of the glazing and the shading reduction factors of eqns (4) and (5).
The overall heat transfer coefficient and the effective solar transmittance are key factors for the energy performance of the solar wall. Both eqns (3) and (7) feature the external heat transfer coefficient, as well as the thermal conductivity, volumetric heat capacity and thickness of the thermal storage mass. The net heat transfer, as defined in eqn (1), is much more sensitive to the external heat loss coefficient than to the properties of the thermal storage material. A 10% change in the value of the thermal conductivity or the volumetric heat capacity of the wall results in only about 3% change in the output value, while a 10% change in the external heat loss coefficient results in more than 15% change in the output. The type of absorber coating and the type of glazing greatly influence the external heat loss coefficient and thereby the energy performance of the solar wall. It can be substantially improved if a selective absorber coating is used. Analysis of the experimental outcomes shows that, in such a case, the solar wall can significantly outperform a well-insulated external wall [16] . If the coating is not selective, it should be combined with double glazing. Configurations with no absorber coating and single glazing have very low efficiencies in moderate and cold climates.
On the other hand, the distance between the wall and the glazing unit exhibits little influence on the external heat loss coefficient in the range of investigated values. However, this distance should preferably be limited to 2-5 cm, to minimize shading on the absorber (i.e. reduce the value of F F in eqn (5)). While the properties of the thermal storage material do not have a significant influence on the net heat transfer (results become slightly better when increasing the thermal resistance), they have a significant influence on the utilization of heat gains. In general, but not always, better overall performance should be obtained when the time-constant and the heat capacity of the thermal storage mass are higher [16] . The optimal time-constant may be dependent on the desired distribution of heat gains in time (a higher time-constant results in slower response to temperature variations).
For optimal performance, the solar wall should be facing south (in the Northern hemisphere) and to the maximum extend remain unshaded during the winter. Deviation of the surface azimuth of ±45° from due south reduces the efficiency of the solar wall by about 20% [16] . During the summer, however, it is necessary to provide efficient shading of the unvented solar wall to prevent undesirable heat gains. Fixed (e.g. overhangs) or movable exterior shading devices can by applied for this purpose, as well as natural shading if possible. A movable Figure 6 : Accuracy of the steady-state model on the test set.
external shading device would be the most efficient option, as it is the most controllable, while an overhang would be a simpler and cheaper solution. If an overhang is used, the projection length and angle should be carefully selected, because there will be a trade-off between allowing more solar radiation to pass in the heating season and allowing less in the summer. The optimal geometry of an overhang depends on the geometry and orientation of the solar wall, as well as the geographic latitude of the site. With good shading provided, the heat capacity of the wall could (if possible) be used as a device for heat load levelling, thereby reducing the required cooling capacities.
Additional insights were obtained through the physical measurements from the test site. A season-average daily profile of the temperatures in the upper half of the test site wall is shown in Fig. 7 (q 1 and q 7 are the external and the internal surface temperatures accordingly; the other temperatures are measured at equal distances in between; q 1(sh) is the average temperature of the shaded area of the external surface). The profile was created by calculating the average values of the measured temperatures for each hour of the day over the entire heating season (22 October 2014 -22 April 2015 . Analysis of the measurements indicates that, as a rough estimate, the peak temperature is shifted by 20 minutes for each centimetre of added thickness. Comparison of the temperatures in the upper and lower halves of the wall demonstrates the effect of increasing the time-constant (which is about two times higher for the upper half, primarily due to the lower thermal conductivity of the clay bricks).
As heat diffusion is faster in the lower half, the amplitudes of its internal temperature are higher, while the differences between the internal and external surface temperatures are lower. As previously mentioned, increasing the thermal inertia of the wall delays and decreases the extremums of the internal surface temperature. This reduces the risk of causing thermal discomfort to the occupants of the building, which may arise due to radiant temperature asymmetry. According to ASHRAE Standard 55, the radiant temperature asymmetry should not exceed 10 K, if it is caused by a cold wall, or 23 K, if it is caused by a warm wall [22] . A histogram of the internal temperatures of each half of the wall, showing the number of hours (frequency) during which the internal surface has experienced the given temperature (bin), is shown in Fig. 8 . The histogram indicates that in moderate climatic conditions, such as those in Sofia, the solar wall should not be a cause of thermal discomfort, except in rare cases. The risk will be increased if the wall is very thin and has a low time constant. An infrared picture of the internal surface of the wall is shown in Fig. 9 . The picture clearly demonstrates the negative effect of the frame and dividers of the glazing unit, casting shadow on the absorber. The lower temperatures of the shaded sections of the external surface result in lower temperature regions on the internal surface (visible on the picture). This effect is amplified by the relatively high distance between the absorber and the glazing unit. As previously mentioned, this distance should preferably be limited to 2-5 cm, while frame dividers should be minimized. It is also important to reduce to the maximum extent possible the placement of furniture or other objects, which may impede the efficient heat exchange between the solar wall and the occupied space [8, 13] . The measured temperatures and air velocities in the air space, as well as the measured temperatures of the absorber, were used to analyse the heat transfer processes occurring between the absorber and the glazing. The analysis shows that, on the average, heat transfer due to thermal radiation was about four times more intensive than convective heat transfer in the air gap. Calculations show that the use of selective absorber (with an infrared emissivity of 0.11) would reduce the radiant heat transfer approximately seven times, which will result in about 70% reduction of total heat losses [16] . This confirms the high significance of the type of absorber coating on the energy performance of the solar wall, discussed above.
CONCLUSIONS
The presented simplified model can be used, along with other analysis tools, to estimate the energy and cost efficiency of an unvented solar wall, especially in the early stages of the building design process. The simplified model is robust and suitable for a wide range of climatic conditions. It provides rather conservative results and should not overestimate the efficiency of a typical solar wall. The results of the study show that in temperate and warm climates, the application of solar walls can improve building energy performance, if they are designed according to the best practices and are well combined with other elements of passive solar design.
